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Abstract The huge tsunami associated with the 2011
Great East Japan Earthquake severely impacted the eco-
systems on the Sanriku coast of Japan. The life history
traits of ayu, Plecoglossus altivelis altivelis, which have
a one-year amphidromous life history, were investigated
by otolith analyses in two rivers of the Sanriku coast just
after the tsunami compared with results before the tsu-
nami to reveal the immediate impact of the tsunami.
Hatching date compositions differed between the up-
stream migrants before and after the tsunami. The mi-
grants after the tsunami were solely composed of fish
hatched during October and November, whereas the
migrants before the tsunami were mostly composed of
fish hatched in September. Discrepancies between the
hatching dates of the migrants and drifting larvae
(hatched larvae) indicate that selective mortality of
early-hatched fish occurred during the tsunami.
Differences in otolith Sr:Ca ratios between upstream
migrants before and after the tsunami suggest that fish
surviving the tsunami inhabited saline water and early-
hatched fish that inhabited the estuary decreased selec-
tively in number because of the severe erosion around
the river mouth. The oceanic growth period shortened in
accordance with the change in hatching date. These
results show that the tsunami drastically altered the
ecology of P. altivelis altivelis on the Sanriku coast.
Keywords Impact . Otolith .Plecoglossus altivelis
altivelis . Sanriku . Sr:Ca ratio . The Great East Japan
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Introduction
Tsunami are a recurring natural hazard that have repeat-
edly disturbed coastal ecosystems, such as sandy
beaches, seagrass beds, coral reefs, mangrove forests
and near shore terrestrial ecosystems (Cochard et al.
2008; Whanpetch et al. 2010; McAdoo et al. 2011).
Considerable changes in community structure and de-
creases in abundance and species richness were ob-
served after the huge tsunami associated with the 2004
Indian Ocean earthquake, the 2007 Peru earthquake and
the 2010 Chile earthquake (Whanpetch et al. 2010;
Lomovasky et al. 2011; Jaramillo et al. 2012). It has
been suggested that tsunami have long-lasting effects on
coastal ecosystems and that the restoration process is
long-standing (Whanpetch et al. 2010; Jaramillo et al.
2012). It is essential to precisely estimate the impact of a
tsunami on the local community to understand the eco-
system response.
The tsunami associated with the Great East Japan
Earthquake, with a moment magnitude of 9.0, occurred
on 11 March 2011 and struck the Pacific coast of north-
eastern Japan (Mori et al. 2011; Ozawa et al. 2011;
Simons et al. 2011). The tsunami extensively inundated
over 400 km2 of the coastal area and devastated a large
area of the northeastern part of Japan together with co-
seismic subsidence and eastward movement of the coast
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(Mori et al. 2011; Simons et al. 2011). The Sanriku coast
is a ria, composed of many steep narrow bays; thus, the
tsunami was amplified to about 40 m in maximum run-
up height and severely destructed the coastal topogra-
phy and structures (Mori et al. 2011; Tanaka et al. 2012).
Many studies conducted after the tsunami have fo-
cused on the ecological impacts caused by the 2011
tsunami and have demonstrated drastic changes in spe-
cies composition and abundance of fish and benthic
communities at various sites (Masuda 2012, 2013;
Miura et al. 2012; Nakayama et al. 2013; Seike et al.
2013; Urabe et al. 2013). The tsunami similarly affected
riverine macroinvertebrate communities far upstream
from the river mouth during inundation (Watanabe et
al. 2014). Some studies have reported that some species
recolonized and other rare species invaded this area
within several months after the tsunami (Masuda 2013;
Seike et al. 2013; Watanabe et al. 2014).
Considering the physical disturbance to the coastal
and riverine environments, the tsunami also affected fish
ecology. However, few studies have been conducted
about the impact of the tsunami on fish ecology, prob-
ably because of their mobility and the fragmented infor-
mation available before the tsunami for comparative
studies. We conducted a continuous ecological investi-
gation of ayu Plecoglossus altivelis altivelis (Temminck
et Schlegel, 1846) on the Sanriku coast before the tsu-
nami. Thus, we performed a comparative study to reveal
the ecological impacts of the 2011 tsunami on the P.
altivelis altivelis population.
Plecoglossus altivelis altivelis are distributed
throughout the Japanese archipelago and parts of
China, Korea, and Vietnam (Hosoya 2002). They are
one of the most important freshwater fisheries species in
the Sanriku region. P.altivelis altivelis have a one-year
amphidromous life history and migrate through rivers
and the ocean during their life history (Tsukamoto 1988;
Tsukamoto et al. 1989; Takahashi et al. 2002; Azuma
et al. 2003; Otake et al. 2005); larvae hatch in the river
and immediately drift downstream to the ocean during
autumn and winter. Then, they migrate among habitats
such as the surface offshore, the surf zone, brackish
water, and the bottom of an estuary to grow until enter-
ing the river during the next spring and summer. They
continue to grow in the river and eventually mature and
spawn in autumn and winter. The P. altivelis altivelis
larvae and juveniles were in their oceanic habitat in
March, when the tsunami occurred, which was report-
edly the most destroyed area along the coast (Tanaka
et al. 2012). Therefore, it was presumed that the
P. altivelis altivelis population in the Sanriku region
suffered directly from the physical disturbance caused
by the tsunami.
The aim of this study was to clarify the immediate
impact of the 2011 tsunami on the local population of
P. altivelis altivelis in the Sanriku region. The life history
traits of P. altivelis altivelis that survived the tsunami
were investigated by otolith analyses and the results
were compared with those obtained from populations
before the tsunami to reveal how the tsunami impacted
the P. altivelis altivelis population. Daily rings were
formed in P. altivelis altivelis otoliths (Tsukamoto and
Kajihara 1987), and the hatch date was precisely deter-
mined by subtracting the number of otolith increments
from the collection date. Furthermore, the changes in the
timing of upstream migration were examined by com-
bining the increment and otolith Sr:Ca ratio analysis.
The diadromous migratory history of fish can be recon-
structed based on chronological changes in the otolith
Sr:Ca ratio, which is correlated with salinity and is
useful for estimating past freshwater, estuarine, and
marine habitats (Secor et al. 1995; Otake and Uchida
1998; Campana 1999; Secor and Rooker 2000). We
integrated these results to describe the ecological chang-




The life history traits of P. altivelis altivelis (hatching
date, daily age, body size, date of upstream migration,
spawning period, and number of drifting larvae) before
and after the tsunami were investigated in two rivers (the
Sakari River and the Unosumai River) located on the
Sanriku coast (Fig. 1). The Sakari River flows into
Ofunato Bay and is the largest river among the three
rivers flowing into the bay. A water break that was
installed at the entrance to the bay was completely
destroyed by the tsunami. This changed the bay envi-
ronment, such as water currents, after the tsunami. The
Unosumai River flows into Otsuchi Bay with two adja-
cent rivers. A sandbar developed around the river mouth
and formed a brackish water embayment with a small
opening and a surf zone before the tsunami. However,
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the sandbar was completely eroded by the tsunami, and
the brackish water area and surf zones disappeared.
Fish collection
About 3 months after the tsunami, Plecoglossus altivelis
altivelis that migrated up the Sakari (7 June 2011) and
Unosumai (11, 20 June 2011) rivers (upstreammigrants)
were collected with cast nets within 2–4 km upstream
from the river mouth (Fig.1). The P. altivelis altivelis
had hatched during the previous year of upstream mi-
gration; thus, the migrants collected in 2011 experienced
the tsunami during their oceanic period. P. altivelis
altivelis migrants had also been collected by the same
method in both rivers before the tsunami (the Sakari
River: 7 May and 18 June 2009, 7 June 2010, and the
Unosumai River: 23 June 2010). Those fish represented
the local population because upstream migrations of
P. altivelis altivelis usually stop before the middle to late
of June on the Sanriku coast (Hata et al. unpublished
data). Among the upstream migrants collected in 2009
and 2010, the stocked fish that were artificially pro-
duced at hatcheries were morphologically distinguished
by observing the arrays of lateral line organs under the
lower jaw and counting the number of scales above
lateral line. The stocked fish have irregular numbers of
lateral line organs (usually 0–5) under the lower jawwith
asymmetrical alignment and fewer scales (15–16) above
the lateral line. In contrast, the wild fish have four pairs
of symmetrical aligned lateral line organs under the
lower jaw and more scales (18–21) (Aizawa and
Nakagawa 2008). The fish distinguished as stockedwere
excluded from analyses. All fish collected in 2011 were
considered wild because artificially produced P. altivelis
altivelis were not stocked in any of the Sanriku coast
rivers in 2011 because of severe damage to the riverine
environment and hatcheries caused by the earthquake
and tsunami. The wild fish were measured for standard
length (SL) and body weight (BW) to the nearest 0.1 mm
and 0.1 g, respectively in a fresh state and were stored in
99% ethanol. Then the otoliths were extracted for otolith
microstructure and microchemistry analyses.
Plecoglossus altivelis altivelis drifting larvae were
collected from the Sakari and the Unosumai rivers be-
tween early September and late December at 2-weeks
intervals from 2008 to 2011 (2008 data available only
for the Sakari River). The collection sites in both rivers
were located at the lowest reach of freshwater region
about 1.8 km upstream from the river mouth (Fig. 1). A
conical plankton net (mouth diameter: 56 cm, mesh size:
0.33 mm) was set on the bottom at the center of flow for
3–5 min every hour during 17:00–24:00 to collect
drifting larvae. We occasionally collected for only 20 s
when there were large numbers of drifting larvae. The
collected samples were preserved immediately in 99 %
ethanol after collection. Filtering volume during all col-
lections was estimated using a flowmeter attached to the
net mouth. The number of P. altivelis altivelis larvae
collected was counted and the density (number of larvae
m−3 h−1) was estimated using the filtered volume for
each collection. Total flow rate (m3 h −1) was determined
for each collection day by summing the flow rates in 1m
subsections across the river and was calculated based on
water depth and current velocity measured with an
electro-magnetic current meter (AEM1-D, JFE
Advantech, Tokyo, Japan). Flow rate was also calculat-
ed at the time of collection in a 1 m subsection where the
net was set, and total flow rate at the time was estimated
proportionally. Then, the number of drifting larvae per
second was calculated using larval density and estimat-
ed total flow rate, assuming that larval density was
constant among all subsections of the river. The cumu-
lative number of larvae drifting during 17:00–24:00 was
determined and divided by 0.85 to obtain the total
number of drifting larvae in a day, because 85 % of the
larvae drifted down the river between 17:00 and 24:00
each day (Hata et al. unpublished data). Finally, the total
number of drifting larvae during one spawning season
was estimated assuming a linear correlation between
collection days. The date that larvae drifting down the
river was considered the hatching date in both rivers, as
larvae drifted 1–3 days after hatching (Hata et al. un-
published data).
Otolith analyses
An otolith increment analysis was performed to deter-
mine daily age and hatching date of the upstream mi-
grants. The sagittal otolith from each fish was embedded
in epoxy resin (Epofix, Struers; Ballerup, Denmark),
mounted on a glass slide, and the sagittal section was
ground to expose the core using a grinding machine
equipped with 70-μm and 13-μm diamond cup-wheels
(Diskoplan-TS; Struers). The ground surface was
polished with an active oxide polishing suspension
(OP-S suspension, Struers) on a polishing wheel with
a semi-automatic specimen mover (MD-Chem and
RotoPol-35 equipped with PdM-Force-20; Struers).
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The daily age of each fish was determined by counting
the daily rings under a binocular microscope connected
to a digital camera and a computer system with image
analysis software (Jiseki ARP/W ver. 5.20; Ratoc
System Engineering, Tokyo, Japan). Only the incre-
ments outside of the hatch check, which is a marked
increment formed at hatching, were counted. The hatch
check was observed at about 14-μm from the core in
otolith ofP. altivelis altivelis from the Sanriku area (Hata
et al. unpublished data). The hatching date of each fish
was back-calculated from daily age and date of capture.
The otolith Sr:Ca ratio was determined to estimate
daily age, body size, and date at first freshwater entry.
Each otolith surface was cleaned with Milli-Q water, air
dried, and coated with Pt-Pd in an ion-sputter (E-1010;
Hitachi, Tokyo, Japan). Sr and Ca concentrations were
measured in all aged specimens along the line of the
increment analysis using a wave length dispersive X-ray
electron microprobe (JXA-8900R or JXA-8230; JEOL,
Tokyo, Japan). The accelerating voltage and beam cur-
rent were 15 kV and 12 nA, respectively. The electron
beam was focused on a 4-μm diameter point, with
measurements spaced at 4-μm intervals, and counting
time was 4 s. Strontianite (SrTiO3) and calcite (CaCO3)
were used as standards. The otolith Sr:Ca ratio was
determined as a weight percent ratio. Datum of each
analytical point is presented as a moving average of three
consecutive points, which is equivalent to five to seven
days. All daily rings were assigned to the nearest ana-
lytical point, and the daily Sr:Ca ratio was determined.
The analytical point indicating first freshwater entry
was defined as the first point where the Sr:Ca ratio
decreased to less than 2.4, because mean otolith Sr:Ca
ratios of P. altivelis altivelis reared in freshwater for two
months are 1.40–2.34 (Hata et al. unpublished data).
Fish in which a drop in the Sr:Ca ratio was not observed
were considered not to have completely shifted their
habitat from marine to freshwater, and were excluded
from all comparisons. The nearest daily ring assigned to
the analytical point indicating first freshwater entry was
regarded as precipitated on the day of freshwater entry,
and the otolith radius, daily age, and date were consid-
ered first freshwater entry. When the lines used for the
electron probe micro-analysis (EPMA) and incre-
ment analysis did not correspond, the distance from
the core to the analytical point indicating freshwater
entry was proportionally corrected on the incremen-
tal analysis line.
SL at first freshwater entry was further estimated
assuming the allometric relationship between SL and
otolith radius (OR), which is denoted as: SL = aORb,
where a and b are constants. The biological intercept
(Campana 1990) was incorporated into the model to
determine the constants separately and the following
simultaneous equations were resolved: SL0 = aOR0
b
and SLC = aORC
b, where SL0 and OR0 are biological
intercepts, and SLC and ORC are SL and OR at capture,
respectively. SL of larvae artificially hatched at 15 °C
(6.3 mm, Hata et al. unpublished data) was used for the
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130E 145E140E135EFig. 1 Maps of Japan and the
study area showing the sampling
sites in the two rivers on the
Sanriku coast of Iwate Prefecture,
northern Japan. Squares in
Ofunato Bay and Otsuchi Bay
indicate the water-break installed
at the bay entrance and the
sandbar that developed around the
river mouth, respectively, both of
which were disappeared after the
tsunami
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individual. Then, the SL at freshwater entry was indi-
vidually back-calculated using the formula and otolith
radius at freshwater entry determined by EPMA.
The otolith Sr:Ca ratios were further analyzed to
estimate the salinity conditions experienced by the up-
stream migrants around the time the tsunami occurred.
The Sr:Ca ratios of the rings assigned to 11 March were
compared between upstreammigrants in 2010 and 2011
for the Sakari and Unosumai rivers. The characteristics
of the upstream migrants surviving the tsunami were
verified based on the assumption that the oceanic mi-
gratory patterns were similar among years.
Water temperature
Water temperature in the Sakari River from June 2008 to
May 2011 was provided by the Center for Public Works
of the Ofunato Regional Development Bureau, Iwate
prefecture. Water temperature was recorded monthly
between December and April and bimonthly between
June and October. Water temperature in the Unosumai
River was measured using a data-logger (Hobo wa-
ter temp pro; Climatec Inc., Tokyo, Japan) at one-
hour intervals in the freshwater region about 4 km
upstream from the river mouth from June 2010 to
May 2011 (Fig.1).
Daily seawater temperature data in Ofunato Bay and
Otsuchi Bay were provided at the Iwate Fisheries
Technology Center website (www.suigi.pref.iwate.jp)
and by the International Coastal Research Center of
the Atmosphere and Ocean Research Institute, the
University of Tokyo, respectively. As the sensors
installed in Otsuchi Bay were lost during the tsunami,
Otsuchi Bay temperature data after 11 March 2011 were
not available.
Water temperatures when the 2011 upstream mi-
grants inhabited the ocean (1 September 2010 to 11
March 2011) were 7.0–23.2 °C (mean ± standard
deviation [SD], 14.3 ± 5.53 °C) in Ofunato Bay
and 7.1–23.3 °C (14.3 ± 5.40 °C) in Otsuchi Bay
with a downward trend (Fig.2). During that period,
mean seawater temperatures during September–
November were about 2 °C higher than those in
previous years. Seawater temperatures in Ofunato
Bay during April and May 2011 corresponding to
the upstream migration period were 6.2–11.5 °C and
were significantly higher than those recorded during
the previous two years (Steel-Dwass test, p < 0.01
for 2009 and p < 0.05 for 2010) (Fig.2).
Results
Changes in the hatching date of upstream migrants
The 2011 upstream migrants were composed complete-
ly of fish that hatched after October (later-hatched fish)
in both rivers, whereas fish that hatched in September
(early-hatched fish) constituted the majority of upstream
migrants before the tsunami (Fig. 3). The 2011 hatching
dates of the upstream migrants in the Sakari River
ranged from 3 October to 18 November, and the mean
hatching date was significantly later than those of the
2009 and 2010 upstream migrants (1 September to 17
October, mean: 26 September; 8 September to 20
October, mean: 28 September, respectively) (Steel-
Dwass test, p < 0.01) (Table 1). The later-hatched fish
constituted a minor portion of the 2009 and 2010 up-
stream migrants. In contrast, fish that hatched in
September, which constituted 54 % of the 2009 up-
stream migrants and 52 % of the 2010 upstream mi-
grants, were not detected. Similar results were found for
upstreammigrants in the Unosumai River. The hatching
dates of the 2011 upstream migrants in the Unosumai
River ranged from 6 October to 4 November (Table 1).
The later-hatched fish solely constituted the 2011 up-
stream migrants, although they occupied a minor por-
tion of the 2010 migrants (38 %). In contrast, fish that
hatched in September, which constituted 62 % of the
2010 upstream migrants, were not detected. As a con-
sequence, the mean hatching date in 2011 (16 October)
was significantly later than that in 2010 (29 September;
Welch’s t-test, p < 0.01).
Discrepancies between the hatching date composi-
tion of upstreammigrants and drifting larvae were found
within the same cohort in 2011 in both rivers (Fig. 3). In
the Sakari River, the total number of drifting larvae was
estimated to be 432.4 x 106 during the 2010 spawning
period, with a peak in mid-October (Table 2). The peak
was included in those of 2008 and 2009 which were
early-mid October and late October, respectively.
Despite the considerable number of larvae that hatched
in September (6.6 %) of the 2010 spawning season, they
did not appear in the 2011 migrants. This result
contrasted to the cohort before the tsunami, in which
the hatching date of drifting larvae and upstream mi-
grants were conversely related; early-hatched fish were
a minor portion of drifting larvae but were a high pro-
portion of upstream migrants (Fig. 3). The total number
of drifting larvae in the Unosumai River was estimated
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to be 257.2 x 106 during the 2010 spawning period, with
a peak in late September (Table 2), and 23.3 % of the
larvae drifted down river in September, but none of the
larvae that hatched in September were found in the
upstream migrant sample (Fig. 3).
Changes in the timing of the upstream migration
The timing of upstreammigration also changed after the
tsunami. The first freshwater entry of upstreammigrants

























Fig. 2 Seawater temperatures in Ofunato Bay (a) and Otsuchi
Bay (b), and river water temperatures in the Sakari River (c) and
the Unosumai River (d) during June 2008 to February or May
2011. Seawater temperature was not measured after March 2011 in
Otsuchi Bay because of the loss of a temperature sensor in the
2011 tsunami. Blue line, red line and green line indicate temper-
atures in June 2008–May 2009, June 2009–May 2010 and June
2010–May 2011, respectively
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Fig. 3 Distribution of numbers of
larvae drifting down the rivers
every 10 days during the
reproductive season (white bar),
and the hatching periods of
upstream migrants (black bar) in
the 2008 (a), 2009 (b), and 2010
(c) hatching groups for the Sakari
River and in the 2009 (d) and
2010 (e) hatching groups for the
Unosumai River. Hatched larvae
drifted down river just after
hatching, and the date of larval
collection was almost the same as
each hatch date. The 2008, 2009,
and 2010 hatching groups were
pre-tsunami year groups, and the
2010 hatching group was a post-
tsunami year group
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(210.1 ± 17.4 days) after hatching (Fig. 4) and at a SL of
64.4–93.6 mm (76.2 ± 7.2 mm) (Table 1). This daily age
at first freshwater entry was significantly different from
the upstream migrants in the years before the tsunami
(203–260 days [231.2 ± 13.5 days] in 2009; 206–
254 days [229.4 ± 12.7 days] in 2010) (Steel-Dwass
test, p < 0.01). In addition, SL at first freshwater entry in
2011 was significantly smaller than that in the upstream
migrants before the tsunami (64.2–107.6 mm
[80.8 ± 10.0 mm] in 2009 and 62.1–95.1 mm
[84.9 ± 8.0 mm] in 2010) (Steel-Dwass test, p < 0.01).
A similar tendency was found in the Unosumai River.
Daily age at first freshwater entry was significantly
younger in the 2011 upstream migrants than in those
before the tsunami (189–245 days [221.4 ± 17.6 days] in
2011and 228–259 days [242.1 ± 11.3 days] in 2010)
(Welch’s t-test, p < 0.01). However, SL at first freshwa-
ter entry was not significantly different (82.7–121.4 mm
[96.5 ± 10.6 mm] in 2011and 84.3–110.7 mm
[100.5 ± 8.2 mm] in 2010) (Table 1, Fig. 4).
In contrast, the dates at first freshwater entry were not
significantly different among years before and after the
tsunami, despite the significant differences in fish age
and size at freshwater entry. The upstream migrations
stopped in lateMay to early June in the Sakari River and
in mid-June in the Unosumai River, whereas the migra-
tion commencement dates varied slightly.
Salinity environment that the 2011 tsunami survivors
experienced
Despite the expected huge disturbances by the tsunami,
no instantaneous change in Sr:Ca ratios were observed
in the 2011 upstream migrants (Fig. 5b). The Sr:Ca
ratios of the 11 March 2011 upstream migrants were
4.40–9.93 (7.35 ± 1.19) in the Sakari River and 5.51–
7.85 (6.88 ± 0.73) in the Unosumai River (Fig. 6a, b).
These Sr:Ca ratios were significantly higher than those
for the corresponding date in the previous year (11
March 2010) for the 2010 upstream migrants (3.56–
8.42 [5.82 ± 1.18] in the Sakari River and 3.58–8.01
[(5.08 ± 1.09) in the Unosumai River) (Welch’s t-test,
p < 0.01) (Figs. 5a, b and 6a, b). These results indicate
that juveniles distributed under relatively higher sa-
linity conditions around the time of the tsunami
survived and migrated into the rivers as a major
component of upstream migrants. In other words,
the juveniles that had moved into brackish area were
selectively sacrificed by the tsunami.
Table 2 Period and peak larval
drifting down the Sakari and
Unosumai rivers, and total num-
bers of larvae that drifted down
the rivers during the 2008–2010
spawning seasons
River Year Period of larval drift down Peak larval drift Total number of larvae
down the rivers during
the reproductive season
(ind.)
Sakari 2008 Early Sept–Late Dec Early–Mid Oct 112.2 × 106
2009 Mid Sept–Late Dec Late Oct 69.6 × 106
2010 Early Sept–Late Dec Mid Oct 432.4 × 106
2011 - - -
Unosumai 2009 Early Sept–Early Dec Early Oct 69.1 × 106
2010 Early Sept–Mid Dec Early Oct 257.2 × 106



























Fig. 4 Distribution of daily ages at first freshwater entry for the
2009 (before tsunami,white bar), 2010 (before tsunami, gray bar),
and 2011 (after tsunami, black bar) upstream migrants in Sakari
River (a) and Unosumai River (b)
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Spawning period and number of drifting larvae
Drifting larvae were collected throughout the 2011 sam-
pling period (early October to early November) in both
rivers, although the total numbers of drifting larvae and
the peak periods were not comparable with the years
before the tsunami, because of the lack of sampling in
September and December. We estimated that most lar-
vae drifted down the rivers in mid- October. A total of
34.7 x 106 larvae drifted down the Unosumai River
(Table 2). This corresponded to 31 % and 40 % of the
drifting larvae during the peak drifting periods in 2008
and 2010, but was larger than the number in 2009,
probably because of a severe typhoon disturbance on
the spawning grounds. Similar results were obtained in
the Sakari River.
Discussion
Our results show typical upstream migration of
Plecoglossus altivelis altivelis despite the huge tsunami
associated with the 2011 Great East Japan Earthquake.
The upstream migrants were certainly fish that survived
the tsunami rather than fish recruited from other regions.
Distribution of P. altivelis altivelis are restricted to areas
within 2.5 km offshore (Tsukamoto et al. 1989; Tago
2002; Azuma 2004) or at most 20 km off the coast
(Azuma et al. 2002) during the oceanic period. This
distributional pattern probably prevented long-distance
recruitment from a region not exposed to the tsunami.
Therefore, it is conceivable that the tsunami did not
extinguish the local P. altivelis altivelis population,
despite the marked decrease in fish abundance after
the tsunami (Masuda 2013; Nakayama et al. 2013)
and severe destruction of the coastal environment
and structure around the study area (Mori et al.
2011; Tanaka et al. 2012).
However, life history traits of the 2011 upstream
migrants that experienced the tsunami were distinct
from those in 2010; they were composed of later-
hatched fish that migrated upstream at a significantly
younger and smaller size than migrants before the tsu-
nami. This substantial change was the result of a differ-
ence in hatching date composition. The hatching date
discrepancies observed within the same cohort (i.e. be-
tween drifting larvae in 2010 and upstream migrants in
2011) and between before and after the tsunami clearly
suggest that early-hatched fish suffered selective high
mortality during the tsunami. In contrast, early-hatched
fish in the Sanriku region before the tsunami typically
showed lower mortality than that of later-hatched fish
and represented the majority of upstream migrants, as
shown in Fig. 3. These comparisons suggest that the
direct effect of the tsunami on the P. altivelis altivelis
population was selective mortality of early-hatched fish.
This selective mortality observed in 2011 was prob-
ably the result of physical disturbances caused by the
tsunami, rather than the unsuitable environment before




















Fig. 5 Changes in otolith Sr:Ca ratios in upstream migrants from
2010 (a) and 2011 (b) in Unosumai River. Arrows indicate ratios
corresponding to the date of the tsunami (11March). The 2010 and


























Fig. 6 Distribution of Sr:Ca ratios for otoliths precipitated around
11 March in 2010 (before tsunami, gray bar) and 2011 (after
tsunami, black bar) in upstream migrants in Sakari River (a) and
Unosumai River (b)
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the tsunami. Seawater temperature potentially affects
survival of P. altivelis altivelis. Previous studies have
reported that the hatching date composition of P.
altivelis altivelis can be altered during their oceanic
period by unusually high water temperature causing
differential mortality based on hatching date
(Takahashi et al. 1999, 2003). In the 2010 P. altivelis
altivelis cohort, which was disturbed by the tsunami,
seawater temperature potentially affected the selective
mortality during their oceanic period because lethal
seawater temperatures for P. altivelis altivelis larvae
(>20 °C; Ito et al. 1967, 1968, 1971; Takahashi et al.
2003) were observed in Ofunato Bay and Otsuchi Bay
during September–November 2010. However, consid-
erable numbers of P. altivelis altivelis larvae and juve-
niles hatched during late September to late November
were collected from the surf zone, sandy beach, and
offshore area in Ofnato Bay and Otsuchi Bay during
October 2010 –February 2011 (Hata et al. unpublished
data). And the fish collected before December was
majorly composed of early hatched one. The high sea-
water temperature persisted through the 2010 P. altivelis
altivelis spawning period, its effect on the mortality may
have been similar among different hatching groups.
Considering the P. altivelis altivelis migratory pat-
tern, differences in habitat depended on the hatching
date resulting in selective mortality within the 2010
cohort. Generally, P. altivelis altivelis that hatch earlier
in the spawning season migrate earlier between habitats
and then migrate into the river at a younger age than
later-hatched larvae (Tsukamoto 1988; Tsukamoto et al.
1989; Takahashi et al. 2002). This migratory pattern can
be applied to P. altivelis altivelis population in the
Sanriku region (Hata et al. unpublished data). The oto-
lith Sr:Ca ratio of the 2011 upstream migrants indicated
that they inhabited more saline water than the upstream
migrants before the tsunami around the date of the
tsunami. This suggests that fish surviving the tsunami
had not yet moved to brackish water or the estuary from
offshore or the surf zone. Therefore, although the distri-
butions of P. altivelis altivelis in the bays were not
estimated completely, it is assumed that the early-
hatched fish assembled around the estuary when the
tsunami occurred and decreased dramatically.
The otolith analysis further revealed the subsequent
effects of selective mortality by the tsunami. The 2011
upstream migrants migrated into the rivers at a younger
age and thus had a shorter oceanic growth period than
those of the 2010 migrants in both rivers. The upstream
P. altivelis altivelismigration period has been suggested
to be regulated by seawater temperature, as the fish
begin to migrate upstream when seawater temperature
increases to 10 °C (Nakamura and Kasuya 2004).
Additionally, termination of the upstream migration is
probably regulated by seawater temperature, because
the upstream migration of P. altivelis ryukyuensis, a
subspecies of P. altivelis altivelis, continues until sea-
water temperature reaches 24 °C (Kishino and
Shinomiya 2003). Although later-hatched fish tend to
migrate into the river later in the season (Tsukamoto
1988), the later-hatched young juveniles were forced to
migrate into the river by the increasing water tempera-
ture, resulting in a similar upstream migration period as
that observed before the tsunami.
Concurrently, P. altivelis altivelis migrated into the
Sakari River in 2011 at a smaller size than those in 2010.
This decrease in body size was probably caused by the
shortened oceanic period described above, rather than a
decrease in the growth ratio. However, no change in
body size at the time of the upstream migration was
observed in 2011 in the Unosumai River, despite that the
fish migrated at a younger age. We hypothesized that
unknown ecological changes after the tsunami, such as
changes in nutrients or primarily production, favored
growth of juveniles. Such a difference in the response
to the tsunami was slight between the two studied rivers,
suggesting that restoration of the P. altivelis altivelis
populations will differ between the rivers.
The environmental disturbance caused by a disaster
such as a tsunami can initiate an extinction vortex of a
local population through various effects, including re-
duced population size, destruction of habitat, and de-
clines in genetic diversity (Gilpin and Soulé 1986). The
observed ecological changes in P. altivelis altivelis
experiencing the tsunami could trigger a decrease in
the size of the P. altivelis altivelis population in the
Sanriku region. Considering the physical disturbance
with co-seismic subsidence (Simons et al. 2011;
Tanaka et al. 2012) and the drastic changes in coastal
morphology in the study area, the tsunami certainly
destroyed preferred habitat of P. altivelis altivelis larvae
and juveniles along the Sanriku coastal sea. The disap-
pearance of early-hatched fish will delay the spawning
period because early-hatched fish tend to mature and
spawn earlier in the spawning season (Otake et al.
2005). This expected delay also suggests that reduced
spawning activity will occur and that ecological changes
caused by the tsunami will be inherited by descendants.
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Another concern is a decline in genetic diversity.
Artificially produced P. altivelis altivelis seedlings are
frequently stocked in the rivers throughout Japan, in-
cluding the Sanriku region, to enhance the resource. The
decrease in wild fish could enhance hybridization be-
tween hatchery-reared and wild fish (Kaewsangk et al.
2000; Otake et al. 2002) and displace the wild genotype.
Assuming these substantial effects, the impact of the
tsunami revealed in the present study could potentially
shrink the local P. altivelis altivelis population.
Continuous studies are required to reveal the temporal
ecological changes after the tsunami in relation to pop-
ulation dynamics, such as growth, spawning activity,
and genetic diversity.
Our results clearly show the immediate impacts of
the huge tsunami on the populations of the
amphidromous fish, P. altivelis altivelis. Diverse diad-
romous fish species, such as Rhinogobius spp., Japanese
fluvial sculpin Cottus pollux (Gunther, 1873), chum
salmon Oncorhynchus keta (Walbaum, 1792) and masu
salmon Oncorhynchus masou (Brevoort, 1856), are dis-
tributed in the Sanriku region and are important compo-
nents of local ecosystems and fisheries. The tsunami
also likely impacted those species through direct distur-
bance and habitat destruction. The extent of damage to
other fish and benthic animals caused by the tsunami
and their restoration vary depending on the species
(Masuda 2013; Nakayama et al. 2013; Seike et al.
2013; Watanabe et al. 2014). Therefore, comprehensive
studies about how the 2011 tsunami impacted coastal
ecosystems will contribute to a full understanding of the
vulnerability of local ecosystems to disturbances and the
ecological processes forming local community struc-
ture. Furthermore, these studies will help establish the
basis for precise ecological forecasting in response to
future anthropogenic disturbances, natural disasters and
climate change.
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